INTRODUCTION
One of the major themes of transition-metal coordination chemistry in the past 50 years has been the synthesis of clusters with diverse structures and interesting physical properties (1). Much of this chemistry is based on the reaction of polymeric materials with donor ligands that are capable of disrupting bridging interactions in the extended solid. The terms cluster excision (2) and dimensional reduction (3) have been used to refer to the process of removing a structural repeat unit of the solid, which is often a cluster M V¸W . In principle, if one can isolate these &&building blocks'' from a cluster excision reaction, it becomes possible to &&reconstruct'' di!erent solids based on new bridging groups. In this manner one can attempt to tailor the properties (e.g., magnetic, conducting, optical, etc.) and chemistry of the resulting materials.
The study of discrete, paramagnetic metal complexes has allowed chemists to build a foundation on which to base an understanding of the interactions between paramagnetic metal centers in larger assemblies (4). The use of paramagnets to systematically build clusters, chains, and higher dimensionality materials was pioneered by the later Olivier Kahn who often spoke of using these molecular &&bricks'' to build fascinating arrays and new magnetic materials (5) . Research in our laboratories has also been inspired by the enormous opportunities for using molecules as building blocks for magnetic arrays (6, 7). One of our current interests is to isolate and characterize the magnetic behavior of 3D metal clusters that contain labile solvent molecules as part of their ligand environment. In considering candidates for this chemistry, we noted that a cluster excision process involving the reaction of CoCl with tetrahydrofuran yields the tetranuclear species Co X (THF) (8) whose molecular structure is related to the parent CoCl material as indicated in Scheme 1. The two-dimensional layered material SCHEME 1. Portion of the CdI layered structure, emphasizing the tetranuclear cluster fragment that is excised from the solid by THF.
is a common architecture for binary halides and is often referred to as the CdI -type framework. The related cluster Fe X (THF) had earlier been reported from the reduction of FeCl with Fe and with Cp ReH (9) . We now report that the direct treatment of FeCl and MnCl with THF results in a cluster excision/dimensional reduction reaction to give high yields of Fe X (THF) and the new 1D chain material +Mn Cl (THF) (Mn(THF) Cl , R respectively. A full treatment of the magnetic properties of the compounds was carried out. The behavior of the Fe and Co clusters is unusual, and contrasts with the magnetic behavior of the Mn chain compound. These new compounds may be viewed as soluble, reactive precursors of the paramagnetic materials MCl (M"Mn, Fe, Co).
EXPERIMENTAL SECTION A. General Methods
The starting materials, FeCl , MnCl , and CoCl were purchased from Strem Chemicals, Inc., and used without further puri"cation. The cluster Co Cl (THF) was prepared according to the literature route (3). Acetone was distilled over 3-A s molecular sieves. Diethyl ether, hexanes, and THF were distilled over sodium-potassium/benzophenone, whereas methanol was distilled over Mg(OMe) under a nitrogen atmosphere. Unless otherwise speci"ed, all reactions were carried out under an argon atmosphere by using standard Schlenk-line techniques. Due to the extreme moisture sensitivity of these compounds, all glassware was pretreated with the commercially available reagent Glassclad.
B. Physical Measurements
The magnetic measurements were performed on polycrystalline samples of the compounds sealed in plastic bags in an inert atmosphere with a SQUID susceptometer (Quantum Design, MPMS-XL-5) in the temperature range 2}300 K at applied magnetic "elds ranging from !5 to 5 T. The diamagnetic contributions of the samples were corrected using Pascal's constants. 
Single crystals. A saturated solution of Fe
Cl (THF) in 20 mL of acetone/0.5 mL of methanol was carefully layered with 2 mL of a bu!er solution (acetone/methanol 40:1 v/v) and 10 mL of hexanes in a Schlenk tube. The solution was allowed to stand undisturbed, and within three days a small crop of needle crystals was obtained.
Bulk preparation. A quantity of MnCl (0.500 g, 3.97 mmol) was dissolved in 30 mL of THF in a threenecked Schlenk #ask and re#uxed for 24 h. The resulting o!-white precipitate was collected by "ltration, washed with THF followed by Et O, and dried in vacuo to give a white solid; yield, 0.76 g (82% based on MnCl Single-crystal growth. A saturated solution of 100 mg of the product dissolved in 20 mL of acetone/0.5 mL of methanol was carefully layered with 2 mL of a bu!er solution (acetone/methanol 40:1 v/v) followed by 10 mL of hexanes in a Schlenk tube. The solution was allowed to stand undisturbed, and after three days a small quantity of needle crystals was obtained. IR (CsI, Nujol, cm\) (Mn}Cl)"366 (br).
D. X-Ray Crystallography
Crystallographic data for compounds 1 and 2 were collected on a Rigaku AFC6S four-circle di!ractometer 
and a Bruker (Siemens) SMART 1K CCD platform di!ractometer respectively.
Although X-ray structures of this compound have been reported by two independent groups who obtained them from di!erent routes (9), a single crystal from our new synthetic method was subjected to crystallographic analysis in order to be certain of the product's identity. The crystal parameters and re"nement data are summarized in Table 1 . Since this is not a new structure, details of the X-ray structure have been relegated to the supplementary materials section.
A colorless, rod-like crystal of approximate dimensions 0.60;0.29;0.29 mm was mounted on the tip of a glass "ber with Dow Corning silicone grease. Indexing and re"nement of 35 re#ections from a total of 60 frames with an exposure time of 10 s/frame gave unit cell parameters for a triclinic unit cell. A hemisphere of data with 1321 frames was collected with a scan width of 0.33 in and an exposure time of 30 s/frame. Indexing and re"nement of 93 strong re#ections (I/ '10) generated a precise cell for data integration, which led to 7054 re#ections in the range of !114h47, !134k413, !154l414 with a maximum 2 angle of 52.73. The "nal cell was obtained from the re"nement of the X>Z centroids of 5400 re#ections with I/ '10. The unit cell parameters are a"9.4620(2) A s , b"11.13870 (2) A s , c"12.4763(2) A s , "75.2850(10)3, " 76.3050(10)3, "79.6870(10)3, and <"1225.72(3) A s . The data were corrected for beam inhomogeneity, crystal decay, and absorption by SADABS (10a), which led to transmission factors ranging from 0.81 to 0.46. Of the 4770 unique re#ections used for structure solution and re"nement, a total of 3720 re#ections are in the category I'2 (I) and R "0.0302. The positions of the nonhydrogen atoms were located by direct methods and re"ned by full-matrix least squares on F using the SHELXTL 5.04 package (10b). Two disordered THF molecules were modeled in two positions at occupancies of 0.53/0.47% and 0.59/0.41%. All nonhydrogen atoms were re"ned anisotropically except the disordered THF groups, which were re"ned isotropically. Hydrogen atoms were placed in idealized positions. The "nal R (I'2 ) value is 0.054 and the wR value is 0.14. Crystallographic data are summarized in Table 1 .
The cluster Fe Cl (THF) was "rst reported by Bulychev et al., who unexpectedly obtained the product from the reaction of FeCl and Cp ReH in THF (9a). The same cluster was later prepared by Cotton and co-workers from a comproportionation reaction of FeCl with metallic Fe in re#uxing THF (9b). We have found that the most convenient method for obtaining pure Fe Cl (THF) in high yields is to re#ux a suspension of anhydrous FeCl in THF. An X-ray study on a single crystal obtained from this synthetic procedure con"rmed the identity of the compound. As found in the earlier studies, the compound is composed of tetranuclear Fe clusters whose geometry consists of two octahedral and two pseudo "ve-coordinate Fe centers. Selected bond distances and bond angles and an ORTEP of Fe Cl (THF) from our new data set are presented in Table 2 and Fig. 1 , respectively.
Attempts to synthesize Mn Cl (THF) from a procedure similar to that used to prepare Co Cl (THF) and Fe Cl (THF) , namely by re#uxing MnCl in THF, yielded a white material that is a polymeric version of the tetranuclear cluster as described in the following section.
B. X-Ray Structural Results and Discussion

Structure of +Mn
An ORTEP diagram of a portion of the chain in 2 is provided in Fig. 2 and selected bond distances and angles are provided in Table 2 . A packing diagram in the bc plane is depicted in Fig. 3 . Unlike the related clusters Note. The labeling scheme for this table is found in Fig. 4 . (b"bridging, t"terminal. the results are summarized in Table 3 -Cl) interactions, the distances range from 2.519(2) to 2.682(1) A s for M"Fe and 2.435(2)}2.884(3) A s for M"Co. Clearly, +Mn Cl (THF) (Mn(THF) Cl , is much more symmetrical than the other two compounds, with its more narrow range of observed bond lengths. The angle M1}Cl( )}M1*, which de"nes an edge between the two central octahedral M(II) centers, is more acute in all three compounds (approx. 923}963) than the outer M1}Cl( )}M2 angles (approx. 963}1023). As a consequence of this, the M1}M2 distances that de"ne the edges of the cluster are longer than the short body diagonal M1}M1* with the exception of the Fe derivative. The range for Mn}Mn is 3.738(1) to 3.763(1) A s , the Co}Co range is 3.630(2)}3.686(2) A s , and the Fe}Fe range is 3.615(2)}3.739(2) A s .
C. Magnetic Studies
The magnetic properties of the tetranuclear clusters of Fe and Co and those of the Mn chain were probed with the results suggesting an overall ferromagnetically coupled Fe(II) tetramer (9a). We undertook a more thorough investigation of the magnetism of this interesting cluster, with particular emphasis on the low-temperature range and on the "eld dependence studies. Our goal was to establish the true magnetic ground state of the cluster, if possible, and to fully understand the cooperative e!ect observed at low temperatures.
The ¹ versus ¹ plot shows a value of 20 emu.K.mol\ at room temperature that increases with cooling to a maximum of &51 emu.K.mol\ at 25 K followed by a sharp decrease to a value close to 0 at very low temperatures (Fig. 6) . The value of ¹ at room temperature is signi"-cantly higher than what one would expect for four independent spins of S"2 (12 emu.K.mol\). This is due to the presence of an orbital contribution to the magnetic moment, as high-spin octahedral Fe(II) possesses an orbitally
FIG. 7. Magnetic properties of Fe
Cl (THF) : (a) high-temperature range of the thermal variation of the ¹ product ("lled circles) and best "t to the experimental data obtained using Eq.
[1] (solid line), (b) thermal variation of ("lled circles) and best "t (solid line), and (c) experimental magnetization curve at 30 K ("lled circles) and simulation using the ¹ product "t parameters. SCHEME 2. Model of the exchange interactions between the four metal centers in the M Cl (THF) clusters.
degenerate ground state, ¹ . The continuous increase of ¹ with cooling indicates that the four Fe(II) centers in the rhombic cluster are ferromagnetically coupled. The sharp decrease of ¹ at lower temperatures may be a consequence of antiferromagnetic intercluster interactions in the 3D lattice, which favor a long-range antiferromagnetic ordering.
To analyze the magnetic properties of this compound the data were divided into two parts: (1) the high-temperature paramagnetic region where short-range e!ects originating from the magnetic exchange interactions within the cluster can be observed, and (2) the low-temperature region where cooperative properties are observed. By examining the hightemperature paramagnetic region one can extract quantitative information about the Fe(II)}Fe(II) exchange interactions in the cluster (Fig. 7) . In view of the orbital degeneracy of Fe(II), an anisotropic exchange model has been used to treat the data (note that the model is equivalent to an isotropic exchange model supplemented by a large singleion anisotropy). The cluster has two di!erent types of exchange pathways, viz., J for the pairwise Fe}( }Cl)}Fe interactions along the edges of the cluster and J for the Fe }( }Cl) interactions (see Scheme 2). Each has been assumed to exhibit an axial anisotropy with parallel (z) and perpendicular (xy) components. The same type of anisotropy has been assumed for the g tensors of the individual ions. This anisotropic exchange Hamiltonian can be written as
Including the g parameters, this model contains six parameters (four J and two g components). As has been pointed out in previous papers, magnetic susceptibility can only provide reliable information about the sign of the exchange interactions, but it is not very sensitive to the magnitude of exchange anisotropy (11) . Due to this situation, the number of independent parameters has been reduced to 5 by assuming the same anisotropy, R, for the two kinds of exchange parameters: Hamiltonian in Eq.
[1] have been calculated by using the computer approach based on the irreducible tensor operator techniques developed by . This model reproduces, in a satisfactory fashion, the magnetic susceptibility data above 30 K. The following set of parameters are obtained: J X "4.7 cm\, J X "0.5 cm\, R"0.45, g X "2.6, and g VW "2.4. These parameters also reproduce the magnetization data at 30 K (Fig. 7c) . From this analysis, one can assess that the coupling within the cluster is ferromagnetic and larger for the edges of the cluster. The presence of an exchange anisotropy is required to reproduce the data. Now let us turn to the low-temperature region where it can be seen that the susceptibility is strongly dependent on the external magnetic "eld (Fig. 8) . Thus, when the magnetic "eld is 0.01 T, presents a maximum at &20 K. At higher magnetic "elds this maximum is displaced toward lower temperatures (17 K at 1 T) until at 2 T it disappears and the susceptibility saturates. The antiferromagnetic interactions are canceled when the magnetic "eld reaches a critical value su$cient to stabilize a phase with a net magnetic moment, behavior that is characteristic of metamagnets. In order to con"rm the metamagnetic behavior, and to accurately determine the critical "eld (H ) at which the antiferromagnetic interactions are canceled, isothermal magnetization measurements were performed at ¹(20 K. These data reveal an abrupt increase in the magnetic moment at &1.4 T at 5 and 10 K; the increase occurs at 1.8 T at 2 K (Fig. 9 ). This step in the magnetic moment indicates a transition from the antiferromagnetic phase at low "elds, where the magnetic moment is essentially zero, to a "eldinduced ferromagnetic phases at high "elds, where the magnetic moment reaches the value expected for a ferromagnetically coupled Fe cluster. Within the antiferromagnetic phase, magnetic hysteresis is also observed at 2 K (Fig. 10) .
(ii) Magnetic Behavior of Co 4 Cl 8 (¹HF) 6 The ¹ vs ¹ plot shows a r.t. value of 10.5 emu.K.mol\ (Fig. 11a ) that decreases with cooling to a minimum of 4 emu.K.mol\ at &12 K (inset in Fig. 11a ) followed by a smooth increase at lower ¹ and a very sharp increase at &3.5 K (Fig. 11b) . The room temperature value of ¹ is within the range corresponding to four high-spin, octahedral Co(II) ions. Since the magnetic cluster contains two di!erent coordination modes for Co (hexa-and tetracoordinate), one would expect di!erent local magnetic moments for these two sites. It is also expected that the spin-orbit coupling of octahedral Co(II) contributes to the decrease of the ¹ product. Still, this decrease is too prominent to be attributed solely to this e!ect, and, therefore, the presence of antiferromagnetic exchange interactions within the cluster must be considered as well. In order to obtain information on the exchange interactions within the Co cluster, an anisotropic exchange model similar to that used for the Fe cluster has been used to "t the susceptibility data. To explain the magnetic interactions in Co(II) clusters, the most popular approximation is to assume that octahedral Co(II) can be well described below 30}50 K as an anisotropic . Curve 1, warming at an applied "eld of 1 G after zero-"eld cooling; curve 2, cooling at 1 G; and curve 3, remnant susceptibility in warming at 0 G. Kramers doublet, i.e., by an e!ective anisotropic spin S" . An isotropic spin S" has been assumed for tetracoordinated Co(II). This type of approach provides information on the exchange interactions when the interactions are weak compared to the thermal energy in this region of temperature. This occurs for J values smaller than 8}10 cm\. When the exchange interactions are stronger, however, the range of temperatures that can be used in the analysis is insu$cient to extract this information. Our cluster is in this limit. Furthermore, our system is complicated by the presence of strong intercluster interactions, as noted above for the Fe cluster, that a!ect the susceptibility data at temperatures near and below the minimum in ¹ (placed at 12 K). With these limitations in mind, we have attempted to identify the range of parameters that are able to reproduce the characteristic minimum in ¹. The results are indicative of an antiferromagnetic exchange interaction J X for the sides of the cluster Co}( }Cl)}Co on the order of 5}10 cm\, as well as a weaker interaction along the short diagonal of the cluster for Co} ( }Cl) }Co. The sharp increase in the ¹ product at low temperatures suggests the presence of a transition to an ordered state at &3.5 K. To elucidate the nature of this magnetic transition, a.c. and zero-"eld-cooled (ZFC) measurements were performed. The a.c. susceptibility shows a peak in both the in-phase and out-of-phase signals at &3.5 K (Fig. 12 ). This con"rms the existence of a long-range magnetic ordering in which there is a net magnetic moment. No frequency dependence is observed, which rules out the possibility of superparamagnetism or glassy behavior.
The existence of an ordered state below 3.5 K that presents a remnant magnetization is also observed in the ZFC and FC measurements that show a peak at 3.5 K when the sample is cooled in zero "eld and then warmed at an applied "eld of 1 G (curve 1 in Fig. 13 ) (1 T"10 G). This maximum is not observed when the sample is cooled in an applied "eld of 1 G (curve 2 in Fig. 13 ). Finally, after removal of the magnetic "eld, the sample shows a remnant magnetization that vanishes at &3.5 K (curve 3 in Fig. 13 ).
The aforementioned data suggest the possibility of several ordered phases, including ferromagnetic, ferrimagnetic, and canted antiferromagnetic. Magnetization measurements provide useful information in clarifying which of these cases is most likely. At 2 K, the magnetization shows an abrupt increase of the magnetic moment at low "elds reaching a value of approximately 1 at 0.01 T followed by a plateau and a second increase at &0.12 T (inset in Fig. 14) . The increases show hysteresis loops with coercivities of &0.004 and 0.015 T, respectively. At higher "elds the magnetic moment increases steadily with magnetic "eld to reach a value of &3.5 at 5 T (Fig. 14) . This value is lower than that expected for four parallel Co (II) magnetic moments (&10}12 B.M.) and con"rms the antiferromagnetic nature of the Co(II)}Co(II) interactions within the cluster.
What is quite remarkable in this compound is that a "eld of only a few gauss is su$cient to produce a sharp increase in the magnetic moment and to reach the "rst step. As a consequence, this sample is extremely sensitive to the sign of the applied magnetic "eld, so a reversal of this sign leads to a rapid inversion of the magnetic moment of the sample. In this sense the sample behaves as a very soft magnet. At 5 K the magnetic moment shows an abrupt increase until aprox. 1 T without any step and then follows the same behavior as at 2 K (Fig. 14) .
Clearly the aforementioned behavior is more complex than that of a ferromagnet or a ferrimagnet. One possible explanation for the observed behavior is to describe the compound as a canted metamagnet. In fact, it is possible to have an intermediate ground spin state caused by an incomplete compensatation of the two slightly di!erent magnetic moments associated with the two kinds of Co(II) sites with antiferromagnetic coupling. Spin frustration e!ects can also contribute to the stabilization of this intermediate spin state. Therefore, at low temperatures each cluster can be described by an anisotropic magnetic moment. One can envisage that in the solid state, that these magnetic moments interact due to antiferromagnetic intercluster interactions to give an antiferromagnetic ordering below ¹ . Due to the large spin anisotropy of Co(II), however, these moments are not completely antiparallel but have a canting angle. This feature accounts for the plateau observed at 1 at low "elds. At "elds higher than 0.1 T, the antiparallel canted moments can #op, as in a metamagnet. This accounts for the sharp increase observed in the magnetization and allows for an estimation of a critical "eld of approx. 0.1 T for this compound.
(iii) Magnetic Behavior of +Mn 4 Cl 8 (¹HF) 6 (Mn(¹HF) 2 Cl 2 , The ¹ value decreases continuously from &25 emu.K.mol\ at room temperature to &10 emu. K.mol\ at 5 K (Fig. 15) , which points to an overall antiferromagnetic coupling in the Mn(II) chain. In order to "t the magnetic data, one must invoke a 1-D model involving three di!erent exchange pathways as diagrammed in Scheme 3. This exchange network comprises the two kinds of interactions within the tetranuclear rhombic cluster, namely J and J, and a third interaction, J, that accounts for the coupling between adjacent clusters in the chain. No exact model is available for this system, therefore an approximation was used in which one assumes a closed "nite chain formed by a tetranuclear cluster of S" spins connected to an S" spin. This model closely reproduces the experimental behavior from the following set of parameters: J"!0.21$0.01 cm\, J"0.0$0.1 cm\, J"! 0.20$0.01 cm\, and g"2.0. This simpli"ed model led to the ratio J/J being smaller than 1.2, which is the necessary condition to ensure an S"0 ground spin state for the cluster. If this condition was not satis"ed, an intermediate ground state for the cluster would result, and the chain would behave as a 1-D ferrimagnet, since the spin of the Mn cluster and the spin of the bridging Mn(II) have di!erent values. Experimentally, one observes antiferromagnetic behavior, which rules out such a possibility.
CONCLUSIONS
The divalent chlorides MCl (M"Fe, Co) react with THF to produce tetranuclear clusters whereas MnCl reacts with THF to yield a chain of tetranuclear clusters. The basic intracluster magnetic interactions have been modeled, which sets the stage for a better understanding of more complicated molecular arrays prepared from the cluster building blocks. The presence of ferro-and antiferromagnetic anisotropic interactions within the Fe and Co clusters and signi"cant intercluster interactions gives rise to complex long-range magnetic orderings at low temperatures; these include metamagnetism in the Fe derivative and weak ferromagnetism combined with metamagnetism in the Co derivative.
